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ABSTRACT
A Stoneley wave propagating in a borehole generates pore fluid flow within the per-
meable zones intersected by the borehole. In turn, the fluid flow induces a stream-
ing electrical potential. This electrical potential induced by the Stoneley wave can
be -measured in the field at frequencies from 100Hz to 4000Hz. Measurements of this
Stoneley-wave-induced electrical potential can be used to detect fractures and permeable
zones. The amplitude-versus-frequency dependence of this electroseismic phenomenon
provides a new way to test theories of the acoustics and the electrokinetics of porous
media against field measurements in real :oeks.
INTRODUCTION
Borehole electroseismic measurements were recently introduced as a new way to char-
acterize rock formations around a borehole. Mikhailov et al. (1997a) showed that
measurements of the streaming electrical potential can be used to detect Stoneley-
wave-generated fluid flow within permeable formations. Mikhailov et al. (1997a) and
Mikhailov and Toksoz (1998) demonstrated that Stoneley-wave-induced electrical po-
tentials can be measured in sedimentary and igneous rocks and that the amplitude of
this electrical potential can be used to identify permeable zones and isolated fractures.
Even though the results of the initial experiments are encouraging, a few problems
need to be addressed before the borehole electroseismic measurements can be used in
practice. 1;'he two most important problems are the following:
1. The measurement technique proposed by Mikhailov et at. (1997a) has a depth
limitation due to using a surface source and surface reference electrical dipoles. It
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is desirable to develop an electroseismic logging technique which uses a downhole
source and downhole receivers for measuring the electrical fields induced by a
borehole Stoneley wave.
2. The physical mechanism of the electroseismic phenomena observed in the ex-
periments has to be established clearly in order to demonstrate what specific
parameters of the formation can be determined from borehole electroseismic mea-
surements. Mikhailov et ai. (1997a) developed a Biot-theory-based model for
the electrical potential induced by a Stoneley wave. Their model predicts that
porosity and permeability of the formation can be deduced from the amplitude-
versus-frequency dependence of the Stoneley-wave-induced electrical potentials.
However, their field data had a narrow frequency content and did not allow a
direct comparison of the amplitude-versus-frequency dependence of the signals
recorded in the experiments to the predictions of the theoretical model.
In this paper we address the first probl~m and partially address the second. Specif-
ically, we develop an experimental technique that allows logging-type measurements of
the Stoneley-wave-induced electrical potentials. Using this technique, we make field
measurements of these electrical potentials in the frequency range from 300Hz to
4000Hz. Analysis of our field data shows that the normalized amplitudes of the
Stoneley-wave-induced electrical potential correlate with other geophysical measure-
ments that indicate the location of fractured zones.
To make a comparison between the field data and the theory, we combine the results
of the experiments described in this paper with the results of previous electroseismic ex-
periments in the same borehole (Mikhailov et al., 1997a) to obtain the amplitude-versus-
frequency dependence of the Stoneley-wave-induced electrical potentials in the freql.!ency
interval from IOOHz to 4000Hz. Comparison of this amplitude-versus-frequency depen-
dence with the predictions of our Biot-theory-based theoretical model shows that the
theory predicts correct values for the amplitude, but does not fully describe the variation
of the amplitude with frequency.
ELECTRICAL FIELD INDUCED BY A BOREHOLE STONELEY
WAVE
Any seismic wave propagating in a fluid-saturated porous rock induces an electrical
field because the pore fluid in contact with a rock usually carries an excess electrical
charge. This electrical charge is accumulated in the pore fluid because surfaces of most
minerals adsorb ions of a certain polarity from the pore fluid, leaving an excess of ions
of the opposite polarity in the fluid. For example, in quartz-bearing rocks filled with
water, rock surfac~s adsorb negative ions, leaving an excess positive electrical charge in
water. The excess electrical charge within the pore fluid is concentrated in a thin layer
along the pore surfaces. Whenever a pressure gradient created by a seismic wave forces
the pore fluid to flow through the rock, the fluid displacement along the pore surfaces
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moves this excess electrical charge, thus creating a streaming electrical current. This
streaming electrical current results in an induction of an electrical field.
Figure 1 shows a diagram of an electrical field induced by a borehole Stoneley wave.
A Stoneley wave propagating in a borehole creates a pressure gradient in the rock
formation. This pressure gradient drives fluid flow from the zone of compression to
the zone of extension. If the the pore fluid carries a positive electrical charge (as in
quartz-bearing rocks saturated with water), then the flow results in accumulation of a
positive electrical charge in the zone of extension and a negative electrical charge in
the zone of compression. Thus, the Stoneley wave creates a capacitor-like electrical
charge separation that moves along the borehole together with the wave. This charge
separation induces an electrical field that also moves along the borehole together with
the Stoneley wave.
Mikhailov et al. (1997a) and Mikhailov and Toksoz (1998) demonstrated that the
electrical field induced by the borehole Stoneley wave can be detected in sedimentary
and igneous rocks. Further, they proposed to use measurements of the Stoneley-wave-
induced electrical fields to characterize permeable zones intersected by a borehole.
ELECTROSEISMIC LOGGING TECHNIQUE
In this section, we describe a measurement technique for recording the Stoneley-wave-
induced electrical potential in a frequency range from several hundred hertz to several
kilohertz. This measurement technique is suitable for electroseismic logging because
both source and receivers are placed in the borehole.
Stoneley Wave Source
The first component of our measurement device is a Stoneley wave source. In the pre-
vious experiments (Mikhailov et al., 19973.; Mikhailov and Toksoz, 1998) we generated
the Stoneley wav~ by striking a wellhead with a sledgehammer. This technique has
three limitations:
1. Generating the Stoneley wave at the surface limits the depth of the investigation
due to the reduction of the Stoneley wave amplitude by attenuation and backscat-
tering as the wave propagates down a borehole.
2. A sledgehammer generates a 'narrow-band Stoneley wave (70Hz-300Hz in our
experiments); there is no way to control the frequency of the source.
3. Repeated striking with a sledgehammer damages wellheads.
In the ~xperimentsdescribed in this paper we used a downhole piezoelectric source.
This source was capable of generating Stoneley waves with frequencies from several
hundred hertz up to several kilohertz. The source was a piezoelectric ring (lOcm in
diameter, 1.5cm thick and 15cm long). To generate a Stoneley wave, we placed this
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piezoelectric ring in a borehole and sent a 2.5kV pulse to the ring from a high-power
amplifier at the surface. The input to the amplifier was one period of a sinusoid. We
varied the frequency of the sinusoidal input to control the frequency of the Stoneley
wave generated by the source. In different experiments we used 2.5kHz and 5.0kHz
sinusoids as the input to the amplifier.
Electrode Configuration and the Noise Reduction Processing
To record the electrical potentials induced by the Stoneley wave, we used a 4-electrode
array (Figure 2). In addition to recording electroseismic signals, this array cancels the
noise generated by the remote power lines and by telluric currents in the ground.
Canceling the electrical noise created by remote power lines and by telluric currents
is the major challenge in making electroseismic measurements. While the electroseismic
signals detected in our experiments have amplitudes ranging from hundreds of nanovolts
to tens of millivolts, the power-line-ind~ce'dand telluric electrical currents generated
signals with amplitudes up to several millivolts. In our previous surface experiments
(Mikhailov et al., 1997b) and borehole experiments (Mikhailov et al., 1997a; Mikhailov
and Toks6z, 1998), we demonstrated that the most effective way to reduce this noise
in our electrical data is remote referencing. In the field, while recording the electrical
signals in the borehole, we simultaneously recorded the electrical noise on two mutually
perpendicular electrical dipoles on the surface. During signal processing we subtracted
the noise recorded on the surface from the measurements in the borehole.
In our experiments we found that at kilohertz frequencies the power line and telluric
noise varies significantly with depth. Therefore, it was not sensible to make reference
measurements at the surface or at some depth far from the depth where the electro-
seismic signals are recorded. We were forced to make reference measurements in the
immediate vicinity of the depth where the electroseismic signals were measured. Since
the reference electrodes were placed in the immediate vicinity of the measurement elec-
trodes, the reference electrodes also recorded electroseismic signals. In a way, there was
no longer any difference between the "measurement" and "reference" electrodes. Thus,
we called them all "measurement" electrodes and in this way came up with a 4-electrode
measurement array.
Figure 2 shows a diagram of our 4-electrode measurement array. In the experiment
the electrodes were separated by O.5m from each other. In the field we recorded two
signals-the potential difference between the electrodes a and b, and the potential dif-
ference between the electrodes c and d. The power line and telluric noise recorded by
these electrode pairs was practically the same because the sources of the noise were very
far from the electrodes. At the same time, the electroseismic signals recorded by the
two electrode pairs, (ab) and (cd), were different because the Stoneley wave length was
comparable with the distance between the electrodes.
During processing, we subtracted the (cd) signal from the (ab) signal. Therefore,
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the resulting measurement obtained in our experiment was
(1)
If the Stoneley wave length is much larger than the distance between the electrodes,
then this measurement A4el is proportional to the second derivative of the electrical
potential along the borehole axis. Using this 4-electrode array allowed us to detect the
Stoneley-wave-generated electrical signals in the field.
FIELD EXPERIMENT
In this section, we demonstrate that by using the experimental technique that is de-
scribed above, it is possible to make field measurements of the electrical potential in-
duced by the borehole Stoneley wave. We first present the details of our experiment
and then present field data. In the data we identify the electrical signals generated by
the Stoneley wave.
Experimental Site
We conducted our experiments in a well drilled through fractured granite at a site
in Hamilton, Massachusetts. Our experiments were conducted in the depth interval
from 30m to 52m. Figure 3 presents results of different geophysical measurements.
These measurements demonstrate that the granite formation in this depth interval is
highly fractured. The borehole caliper log shows enlargements of the borehole wall at
depths where a drill bit encountered fractures in the hard rock. The P-wave slowness
log has kicks (off-scale) corresponding to fractured zones. The borehole Video for the
well shows numerous fractures intersecting the borehole throughout the entire depth
of investigation. We derived a plot of fracture locations and "size" from the borehole
video log. The "size" of the fractures (as they appear in video) are plotted on a "coffee-
shop» scale, i.e., small/medium/large (1, 2 and 3 in Figure 3). The eonductivity log
shows relatively high conductivity values for igneous rock, again corresponding to highly
fractured granite.
Analysis ofthe cuttings from the well (GEOSS, 1984aj GEOSS, 1984b) demonstrates
that in granite the rock matrix has no porosity. Thus, all the porosity and permeability
of the granite formation are due to fractures. A pumping test in another well that is 12m
away.from the experimental well yielded a water flow rate of 300gal/min (1.9·10- 2m 3/ s)
that was sustained for 26 days (Haley and Aldrich, Inc., 1990). The main flow conduit
identified by the pumping test was the fractured zone between the depths of 55m and
61m. The pumping test demonstrated that there is a flow communication between the
two wells tprough the horizontal fractures in the subsurface. Therefore, we can conclude
that the fractures intersecting our experimental well are permeable.
In the depth interval of investigation the well was uncased. This allowed pressure
communication between the borehole and the fractures. When the Stoneley wave prop-
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agated along the borehole, it generated a flow of fluid within the fractures. Thus, the
borehole was suitable for electroseismic experiments.
Experimental Procedure
In our experiments we recorded pressure oscillations and electrical signals generated by
a borehole Stoneley wave. To measure pressure we used hydrophones with a sensitivity
of 10mVIPa. To record the electrical signals we used the 4-electrode array described in
the previous section.
During the experiment we placed the piezoelectric source at a fixed depth (30m and
35m in different experiments) and moved the electrode array or the hydrophone array
along the borehole to obtain measurements throughout a 16m depth interval at a O.25m
spacing between traces. In our electrical experiments we obtained one electroseismic
trace at a time (recording two signals (<p a - <Ph) and (<Pc - <Pd) in the field, and combining
them later to cancel the noise). In the hydrophone experiments we recorded three traces
at a time using a 3-hydrophone string. In our experiments the source was not moving,
so this was not an actual logging experiment. Nevertheless, our measurement device
can be moved as a whole along the borehole, thus allowing logging-type measurements.
To record the signals measured by the electrodes and by the hydrophones we used
a data acquisition system with the a dynamic range of 120dB and a crosstalk between
channels of less than -lOOdB. The highest sampling rate of the data acquisition system
was 16kHz. At this sampling rate the system imposed a de-aliasing low-pass filter at
half the Nyquist frequency, Le.) the signals with frequencies above 4I<H z were filtered
out. Unfortunately, this feature of our data acquisition system limited our electroseismic
experiments to recording only signals with frequencies below 4kHz.
In our electrical experiment we stacked data 1000 times at each depth, and in the
hydrophone experiments, 20 times at each depth in order to increase the signal-to-noise
ratio. Overall, using a 4-electrode array and stacking the data allowed us to detect
electroseismic signals in the field. The best signal-to-noise ratio in our electrical data
was around 5.
Full-Waveform Electroseismic Data
Figures 4-7 present the pressure and electrical data collected in the field. In each figure
the depth of the electrical trace is the depth of the top electrode in the 4-electrode array.
The data in Figures 4 and 5 were collected with the source at the depth of 35m and
the data in Figures 6 and 7 with the source at the depth of 30m. The data in Figures
4 and 6 were collected using a 2.5kHz sinusoid as an input to the high-power amplifier,
and the data in Figures 5 and 7 with a 5.0kHz sinusoid as the input. The source time
in Figures 4 through 7 4 through 7 4 through 7 4 through 7 is 10ms. Three events can
be identified in the electrical data in Figures 4 through 7.
1. The most visible event in the electrical data is the electromagnetic wave radiated
by the piezoelectric source. This electromagnetic wave propagates with a velocity
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much higher than velocities of seismic waves, and arrives "simultaneously" at all .
depths at the time of the source (10ms). .
2. Electrical data contain an electrical signal that propagates along the borehole with
the Stoneley wave velocity and arrives at the electrodes simultaneously with the
Stoneley wave (Event S-S). Event S-S is clearly visible in the data collected with
the 2.5kHz source frequency (Figures 4 and 6). At the same time, Event S-S is
barely visible in the data colle~ted with the 5.0kHz source frequency (Figures 5
and 7). The poor quality of the data collected with the 5.0kHz source is due to the
fact that our data acquisition system had a built-in 4.0kHz high-cut filter. The
barely visible traces of Event S-S in Figures 5 and 7 is all that was left in the data
collected with a 5.0kHz source frequency after all the frequencies above 4.0kHz
were cut out by the data acquisition system. Nevertheless, in our experiments
we recorded electroseismic signals in the frequency range from 300Hz to 4.0kHz
(Figures 4 and 6). These electrical potentials induced by the Stoneley wave are
the focus of this paper.
3. Electrical data in Figures 4-7 contain an electrical signal that appears to "orig-
inate" at the time of the source (10ms) at some depth below the source. This
signal has a Stoneley wave moveout. We label this signal "M-M" to emphasize
its ((mysterious" origin. Comparison of the electrical traces with the hydrophone
traces shows that at the time when this signal is measured, there is no pressure
wave propagating at the depth of the electrodes. We analyze this mysterious sig-
nal in Appendix A, and show that it was most probably due to a fault in the cable
connecting the electrode array with the data acquisition at the surface. The anal-
ysis in Appendix A suggests that this fa1,llt is about 14m above the top electrode.
Visual inspection of the cable did not 'indicate any fault. We chose not to cut the
cab!~ because it is expensive, and we would like to use it in future experiments.
Figure 8 presents the electrical data (35m source depth, 2.5kHz source frequency)
band-pass filtered in the interval from 300Hz to 1500Hz. In these data, the mysterious
Event M-M is not visible. Figure 9 presents the same electrical data band-pass filtered
in the interval from 1500Hz to 4000Hz. In these data, Event M-M is very clear. Thus,
the frequency of the mysterious signal is above 1500Hz. We suggest that this signal's
presence does not compromise the validity of our measurements at frequencies below
1500Hz. However, this event may be an indication that our electroseismic data at
frequencies above 1500Hz is corrupted by signals of nonelectroseismic origin.
Overall, this section demonstrates that the experimental technique that we devel-
oped is suitable for measuring electrical potentials induced by a Stoneley wave at fre-
quencies up to 4kHz (the maximum frequency that could be recorded by our data
acquisition system).
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PRELIMINARY ANALYSIS OF THE
STONELEY-WAVE-INDUCED ELECTRICAL SIGNALS
In this section, we combine the results of two different electroseismic experiments made
in the same borehole. The first is the experiment made with the 4-electrode array, the
piezoelectric source at the depth of 35m, and a 2.5kHz frequency of the driving signal
for the source (Figure 4). We chose to analyze this dataset out of the four presented
above because it had" the best signal-to-noise ratio. The other electroseismic experiment
that we analyze in this section was made using a 2-electrode array and a sledgehammer
source (Mikhailov et al., 1997a). Figure 10 presents the pressure and electrical data
collected in this experiment in the depth interval from 36m to 52m. In Figure 10
the direct 8toneley wave in the pressure data and the 8toneley-wave-induced electrical
signals are labeled 8-S.
First, we derive from the field data the normalized amplitude of the electrical po-
tential induced by the Stoneley wave at different frequencies. Next, we compare this
normalized amplitude with the results of other geophysical measurements and show
that the normalized amplitude of the 8toneley-wave-induced electrical potential corre-
lates with the results of other geophysical measurements that indicate fractured zones.
The Normalized Amplitudes of the Stoneley-Wave-Induced Electrical
Potential at Different Frequencies
We define the normalized amplitude of the 8toneley-wave-induced electrical potential
as a ratio of the amplitude of the electrical potential oscillation at a certain depth to
the amplitude of the pressure oscillation at the same depth. To derive this normalized
amplitude at different frequencies from the field data, we used the following algorithm:
1. Apply a band-pass filter, centered around the frequency of interest, to the pressure
and the ele,ctrical data.
2. Calculate from the band-pass-filtered data the rms amplitudes of pressure and
electrical signals in the direct 8toneley wave (Event 8-S) at the frequency of in-
terest. Calculate these amplitudes for the main wavelets of Event 8-8.
3. Convert the amplitudes of the electrical signals at the frequency of interest into
the amplitude of the electrical potential oscillation, <I>(w), at this frequency. The
formulas for this conversion are derived in Appendix B. To convert the ampli-
tudes of the signals measured using the 4-electrode array into the amplitude of
the electrical potential, divide the amplitude of the electrical signal, A4el (W), by
the correction factor, A~<I (w) (Equation B-4), at the frequency of interest. To
convert the amplitudes of the signals measured using a 2-electrode array, divide
the amplitude ofthese electrical signals, A2el(W), by the correction factor, A;d (w)
(Equation B-7), at the frequency of interest.
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Frequency
128Hz
160Hz
200Hz
350Hz
410Hz
480Hz
560Hz
660Hz
770Hz
900Hz
1050Hz
1230Hz
2000Hz
3700Hz
Band-pass filter
102Hz - 154Hz
128Hz - 192Hz
160Hz - 240Hz
300Hz - 410Hz
350Hz - 480Hz
410Hz - 560Hz
480Hz - 660Hz
560Hz - 770Hz
660Hz - 900Hz
770Hz - 1050Hz
900Hz - 1230Hz
1050Hz -1440Hz
1700Hz - 2300Hz
3300Hz - 4000Hz
Experiment
previous paper (2-electrode array)
this paper (4-electrode array)
signal at this frequency may be corrupted
signal at this frequency may be corrupted
Table 1: Frequencies at which the normalized amplitudes of the Stoneley-wave-induced
electrical potentials were calculated from the field data, and the band-pass filters used
in these calculations.
4. Divide the amplitude ofthe electrical potential oscillation, q>(w), by the amplitude
of the pressure oscillation at that frequency to obtain the normalized amplitude
of the Stoneley-wave-induced electrical potential at the frequency of interest.
Table 1 presents the list of the frequencies for which we calculated the normalized
amplitudes of the Stoneley-wave-induced electrical potential. Also, Table 1 presents
the list of the band-pass filters applied to the data (Step 1 of the above algorithm)
prior to .fa1culating the rms amplitudes at the corresponding frequencies. We choose
the frequency values, at which the amplitudes are calculated, such that they are equally
spaced on the logarithmic scale. The band-pass filters are chosen such that they cover
equal intervals on the logarithmic scale. Further in this paper we will compare the
normalized amplitudes of the Stoneley-wave-induced electrical fields at these frequencies
to our Biot-theory-based model in order to test the model's validity.
Comparison of the Amplitude of the Stoneley-Wave-Induced Electrical
Potential to Other Geophysical Measurements
Figure 11 presents a comparison of the normalized amplitudes of the Stoneley-wave-
induced electrical potential at different frequencies to the results of other geophysical
measurements. The P-wave log in Figure 11 has kicks off-scale (more than 380J.Lsjm)
in the depth intervals 45m - 47m and 49m - S3m. This high P-wave slowness indicates
that granite in these intervals has high fracture porosity. The electroseismic signals
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amplitudes in these depth intervals are higher than in the depth interval 47m. - 49m.,
where the P-wave slowness log indkates low fracture porosity.
Further, the plot of fracture locations derived from the borehole video (the third
plot in Figure 11) shows a large fracture intersecting the borehole at the depth of 51m..
At this depth the electroseismic signals have larger amplitudes than at other depths.
This result, similar to the results of our previous electroseismic experiments (Mikhailov
et al., 1997a; Mikh?-ilov and Toksoz, 1998), suggests that fractures can be identified
using borehole electroseismic measurements. .
THEORETICAL MODEL FOR THE STONELEY-WAVE-INDUCED
ELECTRICAL POTENTIAL
In order to use borehole electroseismic measurements in practice, it is necessary to
understand which parameters of a formation can be determined from them. Mikhailov et
ai. (1998) developed a theoretical model for the electrical potential oscillation induced by
a borehole Stoneley wave. This model as;mtnes that the formation around the borehole
is homogeneous and isotropic. Tang et al. (1991) used the Biot-Rosenbaum model to
determine the pore pressure distribution and pore fluid flow generated in the formation
by the Stoneley wave propagating along the borehole. Pride (1994) developed a model
for the streaming electrical potential caused by the pore fluid ft.ow in the formation.
Mikhailov et ai. (1998) combined the models of Tang et al. (1991) and Pride (1994) to
obtain an analytical solution for the electrical potential induced by the Stoneley-wave-
generated ft.uid flow within the formation. This solution is summarized below.
A Stoneley wave of frequency w, propagating with a phase velocity, cs(w), down a
borehole in a homogeneous, porous formation, induces oscillations of ft.uid pressure, Pb,
in the borehole (Tang et ai., 1991):
(2)
Here rand z are the cylindrical coordinates (z-axis is pointing down), t is time, Rb is
the borehole radius, and Po(w) is the scalar amplitude of the pressure oscillation at the
frequency w. The Stoneley wave phase velocity, cs(w), is generally a complex number,
thus accommodating attenuation.
This Stoneley wave drives a ft.ow of ft.uid in the formation (Figure 1) that induces
an oscillation of the electrical potential within the borehole (Mikhailov et ai., 1998):
10(r~) (. .W)
<I>dr,z,t) = <I>o(w) ( w) exp -zwt+z-z .
fo Rb- Cs
c.
(3)
Here, <I>o(w) is the scalar amplitude of the electrical potential oscillation at the frequency
w.
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Mikhailov et al. (1998) derived an expression for the ratio of the electrical potential
oscillation, q>b, to the pressure oscillation, Pb, that induces it:
q>b (w) = {~(Ef (1- iw ~)-~}. [1 + (}f h (Rb£-) Ko (Rb£-)] -1 (4)
Pb Ctoo(}rJ.L we M2 (}Tlo(Rb~)K1(Rb~)
This express.ion is the normalized amplitude of the Stoneley-wave-induced electrical
potential that we defined in the previous section. In Equation 4, ¢ is the formation
porosity, (too is the pore space tortuosity, ( is the zeta-potential (determined by the
electrochemical interaction between the pore fluid and the rock matrix), €f is the pore
fluid permittivity, and We is the Biot critical frequency for the formation that depends
on the formation permeability, ko (johnson et al., 1987):
¢J.L 2
We = .-.(5)
CtooPfko M
Here, Pf is the density of the pore fluid, and M is a pore-geometry-dependent dimen-
sionless parameter, that is close to 1 for most media (Johnson et al., 1987).
The expression for the normalized amplitude of the Stoneley-wave-induced electrical
potential (Equation 4) is a product of two terms. The first term (curly brackets) is the
frequency-dependent electroseismic coupling coefficient for the rock formation. The
second term (square brackets) can be viewed as a "correction for the geometry of the
experiment." Below, we analyze these two terms separately and show how the amplitude
of the electroseismic signals depends on different parameters of the formation and the
borehole fluid. We conclude this section by presenting the synthetic amplitude-versus-
frequency curves for the measurements in our borehole.
Porosity and Permeability Depend~nceof the Normalized Amplitudes
of the Stoneley-Wave-Induced Electrical Potential.
Equation-it suggests that the normalized amplitude of the Stoneley-wave-induced electri-
cal potential, ~~ (w), depends on the porosity and the permeability of the rock formation.
In Equation 4 this dependence is expressed in the first term, that is the electroseismic
coupling coefficient for the rock formation:
¢ (Ef ( iw 4 )-~CI = -- 1---e sm M2 .
0:00 ()T J.L We
The electroseismic coupling coefficient, Celsm , is the amplitude of an electrical potential
oscillation created in a homogeneous medium by a pore pressure oscillation of a unit
amplitude and frequency w. This coefficient can be'derived from Pride and Haartsen's
(1996) solutions for plain longitudinal electroseismic waves. In the low frequency limit
(w «we), the electroseismic coupling coefficient, Ce1sm , is equal to the Helmholtz-
Smoluchovski's coupling coefficient for DC streaming potential. The frequency depen-
dence of the electroseismic coupling coefficient, Celsm, is derived by Pride (1994).
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Parameter
Stoneley wave velocity, Cs
borehole radius, Rb
fluid conductivity, OJ
fluid viscosity, j1.
fluid permittivity, €f
rock formation conductivity, Or
fracture tortuosity; 0'00
zeta potential, (
Mikhailov et al.
Value
1400mjs
O.15m
O.022Sjm
10-3Pa· s
7.1 . 1O-10coUZ2 j(N . m 2 )
O.012Sjm
1
-60mV
Table 2: Parameters of the rock formation and the borehole fluid used for calculating the
synthetic amplitude-versus-frequency dependence for the Stoneley-wave-induced electri-
cal potentials.
Equation 6 shows that the electroseismic coupling coefficient is proportional to the
formation porosity, ¢, and that the amplitude-versus-frequency dependence of the elec-
troseismic coupling coefficient, Celsm, depends on the Biot critical frequency, We' . In
turn, the Biot critical frequency depends on the formation permeability (Equation 5).
The Biot theory defines We as the frequency which separates the viscosity-dominated
flow regime from the inertia-dominated flow regime. Equation 6 suggests that in the
viscosity-dominated fluid flow regime (w << we) the electroseismic coupling coefficient,
Celsm , is constant. In the inertia-dominated flow regime (w >> we) the electroseismic
1
coupling coefficient, Celsm , decreases with frequency as W-2.
Figure 12 shows a plot of the electroseismic coupling coefficient, Celsm , as a function
of frequency calculated using Equation 6. In this calculation we used the properties of
the formation and the borehole fluid in our experiment (Table 2) and a permeability
value of 1.6 . 1O-12 m 2 or 1.6Darcy. The Biot critical frequency for such a formation is
We = 21i . 1000Hz (Equation 5). Figure 12 shows that below the 1000Hz frequency the
electroseismic c6Upling coefficient is constant, and above 1000Hz it decreases .as W- ~ .
Suppose the electroseismic experiments are made over a wide frequency range (below
and above 1000Hz) and the Biot critical frequency, We, is determined from the change
of the amplitude-versus-frequency dependence of the Stoneley-wave-induced electrical
potentials. Then the porosity of the formation, ¢, can be determined from the value of
the electroseismic coupling coefficient, Celsm , below the Biot critical frequency:
(7)
and the value of the formation permeability, ko, can be determined from the value of
the Biot critical frequency:
¢j1. 2ko= '-.
weO'ooP! M
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The analysis presented above suggests that if our model is correct, then it is possible
to determine porosity and permeability of the .formation from the amplitude-versus-
frequency dependence of the Stoneley-wave-induced electrical potential. The goal of
this paper is to compare the amplitude-versus-frequency dependence of the real elec-
troseismic signals recorded in the field with the prediction of the theoretical model in
order to test the model's validity.
Modification of Electrical Potential Amplitude by the Geometry of the
Experiment: '!.L Effect
a-r
The second term (square brackets) in Equation 4 describes the modification of the
amplitude of the streaming electrical potential by the borehole presence. We like to
think of this term as a "correction for the geometry of the experiment" because it has
a simple geometrical meaning that can be explained using the diagram in Figure l.
Figure 1 shows the pressure gradient created by the Stoneley wave driving a flow of
pore fluid in the formation. Since the fluid carries an excess electrical charge (positive in
our experiment), this fluid flow results in an accumulation of a positive electrical charge
in the zone of extension and of a negative electrical charge in the zone of compres-
sion. This electrical charge separation induces an electrical field in the formation and in
the borehole. In turn, this electrical field drives a return conductive electrical current
that balances the streaming electrical current. This conductive electrical current flows
through the rock formation and through the borehole. The second term in Equation 4
describes how the return conductive electrical current is partitioned between the bore-
hole and the formation. Specifically, the second term in the square brackets is the ratio
of the conductances of the two return paths for the conductive electrical current: the
return path through the borehole and the return path through the formation.
At very low frequencies, when the Stoneley wave length is much longer than the
borehole radius, all the return conductive electrical current is flowing through the rock
formation. At these frequencies the normalized amplitude of the Stoneley-wave-induced
electricalpotential, ~~ (w), is equal to the electroseismic coupling coefficient, Celsm (i.e.,
the borehole presence is negligible). As the frequency increases, the return path through
the borehole becomes more and more "attractive" for the conductive electrical current
because the Stoneley wavelength decreases and the area of the return path through the
rock decreases as the wavelength squared. At these frequencies the amplitude of the
Stoneley-wave-induced electrical potential decreases as w-2 . Finally, when the Stoneley
wave -length becomes less than the borehole radius, both streaming and conductive
electrical currents flow in a very thin zone in the vicinity of the borehole wall, and the
return conductive electrical current becomes partitioned between the formation and the
borehole fluid according to the ratio of their conductivities.
Figure 13 shows synthetic amplitude-versus-frequency curves for the Stoneley-wave-
induced electrical potential (Equation 4) calculated for different ratios of fluid conduc-
tivity to rock conductivity, ;;-, and a fixed value of the zeta-potential, ( (that in reality
depends on the fluid conductivity, (5f). In the calculation we used the properties of
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the formation and the borehole fluid in our experiment (Table 2) and a permeability
value of 1.6 . 1O-15m 2 or 1.6m Darcy. The Biot critical frequency for such a formation
(ko = 1.6 . 1O-15m 2, (hc = 0.5%) is W c = 27[' . 1MH z (Equation 5). It is much higher
than the frequency range in Figure 13. Thus, in this frequency range the electroseismic
coupling coefficient, Celsm(w), is constant. Synthetic curves in Figure 13 show that
the higher the conductivity of the fluid, the lower the frequency at which the return
conductive electrica} current starts flowing through the borehole. Thus, the more con-
ductive the borehole fluid, the less the amplitude of the electrical potential induced by
the Stoneley wave.
Synthetic Amplitude-Versus-Frequency Clfrves for the Stoneley-Wave-
Induced Electrical Potential
In this section, we analyze the synthetic amplitude-versus-frequency dependence of the
Stoneley-wave-induced electrical potential that is calculated using Equation 4 for the
borehole and formation properties in our experiments. These properties are summa-
rized in Table 2. The Stoneley wave velocity, cs , is determined from the hydrophone
measurements (Figure 4). The borehole diameter, Rb' is determined from the caliper
log (Figure 11). The value of the borehole fluid conductivity, OJ, corresponds to the
salinity of 0.004moljl of NaCI measured for a sample of the actual borehole fluid (wa-
ter). The values of the fluid viscosity, f.L, and permittivity, Ei, are the values for water.
For the borehole fluid salinity in our experiments (0.004moljl of NaCI, Of = 0.022Sjm),
the value of the zeta-potential for granite has been measured in laboratory experiments
(Morgan et ai., 1989). In experiments with a natural fracture, Brown et al. (1998) found
fracture tortuosity, 0'00' to be close to 1 due to channeling. Thus, in our calculations
we assume the tortuosity of fractures, 0'00, to be 1.0. The rock conductivity, Or, is
taken from the conductivity log in Figure 3. For the porosity of fractured granite, ¢,
we assumed the value of 0.5% (N~r, 1969; Hadley, 1976; Toksoz et al., 1976).
Figure 14 presents the synthetic amplitude-versus-frequency curves for the Stoneley-
wave-induced electrical potential in the frequency interval from 100Hz to 10kHz. The
different curves in Figure 14 are calculated for permeability values ranging from 10-14m 2
(0.01 Darcy) to 1O-lOm2 (100 Darcy). Figure 14 shows that for permeabilities less
than 10-13m 2 (0.1 Darcy) the Biot critical frequency, wc , is greater than the maximum,
frequency of the field experiments (4000Hz). Thus, according to the theoretical model,
our borehole electroseismic measurements are not sensitive to permeability values of
less than 1O-13m 2 (0.1 Darcy). In the next section we will compare these synthetic
curves to the real data in order to assess the possibility of determining permeability and
porosity from the field measurements.
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COMPARISON OF THE FIELD DATA AND THEORY:
AMPLITUDE-VERSUS-FREQUENCY DEPENDENCE OF THE
STONELEY-WAVE-INDUCED ELECTRICAL POTENTIAL
In this section, we present the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potential measured in the field in the frequency range from
IOOHz up to 4000Hz. We compare the results of the field measurements with the
synthetic amplitude-versus-frequency curves predicted by our theoretical model for the
borehole fluid and formation properties in our experiment.
We compare the field data to the theoretical model in four depth intervals: 46.5m-
47.5m (Figure 15), 47.5m-49.5m (Figure 16), 49.5m- 50.5m (Figure 17) and 50.5m-
51.5m (Figure 18). The first conclusion which can be drawn from Figures 15 through
18 is that the theory predicts the correct values for the normalized amplitudes of the
electroseismic signals. Further analysis of Figures 15-18 shows that the amplitudes of
the signals measured in the field have a more complicated frequency dependence than
the one predicted by the theory. In the frequency range from 200Hz to 800Hz, the
normalized amplitudes of the Stoneley-wave-induced electrical potential have a steeper
1
decrease with frequency than the w-"2 decrease predicted by the theory. Further, in
Figures 15-17 the normalized amplitudes increase with frequency above 800Hz.
In the depth interval around the large fracture (50.5m-51.5m), the normalized am-
plitude of the Stoneley-wave-induced electrical potential roughly follow the trend pre-
dicted by the theory. However, the data has a similar 'tdip" at the 800Hz frequency
and a slight increase above it. The synthetic curves in Figure 18 were calculated for
the fracture porosity value of 1.2%. The normalized amplitudes measured in this depth
interval fall between the synthetic curves corresponding to the permeability values of
1.25 . 10-11m 2 = 12.5 Darcy and 1.25 . 10-10m 2 = 125 Darcy. These porosity and
permeability estimates values cannot be compared with any other independent poros-
ity and permeability measurements in this borehole. Thus we do not claim that they
are corre,ft. However, the fact that the amplitude-versus-frequency dependence of the
electroseismic signals measured in the depth interval around the large fracture roughly
agrees with our theoretical model suggests that our model of the Stoneley-wave-induced
electrical potential may work for large fractures.
DISCUSSION
Our theoretical model predicted correct values for the amplitudes of the Stoneley-wave-
induced electrical potentials that were measured in the field. However, the amplitude-
versus-frequency dependence of the real electroseismic signals was more complex than
the one predicted by our model. This disagreement between the field data and the
theory can be attributed to one of the following four factors:
1. Our measurement technique was not perfect and could have corrupted the signals
at high frequencies. For example, there is a high frequency "mysterious" event in
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the electrical data. Also, regardless of the depth in the borehole, all the amplitude-
versus-frequency curves have a 'dip' around the 800Hz frequency. This fact might
be attributed to some filtering effect of the measurement device that we did not
account for in our calculation of the electrical potential amplitudes from the data.
For example, we did not establish the amplitude-versus-frequency response of our
lead electrodes in the borehole fluid.
2. Our theoretical model only accounts for the amplitude-versus-frequency depen-
dence of the streaming electrical current and does not take into consideration other
frequency-dependent phenomena in the field. For example, we assumed that the
formation conductivity, (Tr, is independent of frequency. However, Olhoeft (1985)
demonstrated that, due to electrochemical reactions, resistivity of real rocks can
have a complicated nonlinear frequency dependence. Our experiments were made
in granite saturated with water. Lockner and Byerlee(1985) measured conduc-
tivity of water-saturated Westerly granite and demonstrated that it does not sig-
nificantly change in frequency range· from 1Hz to 104Hz. However, analysis of
thin sections of granite from Hamilton demonstrated that microcracks in granite
are sealed with siderite, that is a Fe-reach carbonate (GEOSS, 1984). Moreover,
grains of Fe-Ti oxide were detected in some of the thin sections (GEOSS, 1984).
IP responses of these minerals need to be examined before frequency-dependent
conductivity effects can be ruled out.
3. Our theoretical model is based on Pride's (1994) theory for dynamic streaming
electrical currents and on the Biot theory. Pride's (1994) model assumes that the
thickness of the charged layer of fluid near the pore surface is much smaller than
the pore size and the thickness of the viscous boundary layer. This assumption
may not always work for real rocks. Further, analysis of the Biot theory shows that
it can adeq;ately describe the fluid flow in the media with simple pore shapes. One
such pore shape is a gap between two half-spaces (that is the simplest model for
a fracture) (Tang, 1990). This can explain why we had better agreement between
the theory and the experiment at the depth of the large fracture. It is possible
that our model is not applicable to media with more complicated pore structures.
4. Finally, in the field there could be more than one possible mechanism for a Stoneley
wave to induce an electrical potential. Mikhailov et at. (1998) ruled out several
alternative physical mechanisms for these electroseismic signals. These ruled-out
mechanisms were the action of the Stoneley wave on the electrodes, the streaming
potentials due to the fluid motion along the borehole wall, and the piezoelectric
effect. However, the electroseismic phenomena are very complex and there could
be a number of other phenomena present in our experiment.
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CONCLUSIONS
In this paper, we described an experimental technique that allows making broadband
logging-type measurements of the Stoneley-wave-induced electrical potential. Using this
experimental technique we made borehole electroseismic measurements in the frequency
range from 300Hz to 4000Hz. Analysis of the signals measured in the field showed that
the normalized amplitude of the Stoneley-wave-induced electrical potential has a peak
at the depth- of a large fracture.
From the field data we derived the normalized amplitudes of the Stoneley-wave-
induced electrical potential at different frequencies. We compared the amplitude-versus-
frequency dependence of the Stoneley-wave-induced electrical potentials recorded in the
field with the predictions of our theoretical model. From this comparison we found that
the theoretical model (Mikhailov et al., 1998) predicts the correct magnitudes for the
electrical potentials induced by the Stoneley wave. Also, the amplitude-versus-frequency
dependence of the electroseismic signals recorded at the depth of the large fracture
roughly follows the trend predicted by the theory. However, the general amplitude-
versus-frequency dependence of the electroseismic signals recorded in the field is more
complicated that the one predicted by the theory. This can be attributed to (a) imper-
fection of our measurement devices; (b) complex frequency dependence of rock resistiv-
ity due to chemical reactions; (c) failure of the theoretical model to correctly describe
the phenomenon observed in the field; or (d) presence of some other electroseismic
phenomenon that we do not account for. Further measurements with a better data ac-
quisition system and a better measurement tool are necessary to establish the complete
physics of the electroseismic phenomenon that we observed in the field.
In this paper, we present field measurements of a new geophysical phenomenon
that allowed us to detect Stoneley-wave-generated fluid flow in fractures intersecting a
borehole. Our results suggest that borehole electroseismic measurements can be used to
detect fractured zones. Further, analysis of the amplitude-versus-frequency dependence
of the Stoneley-wave-induced electrical potentials provide an opportunity to test the
existing theories of the acoustics and the electrokinetics of porous media against field
measurements in real rocks.
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Appendix A. ANALYSIS OF THE MYSTERIOUS ELECTRICAL
SIGNAL M-M
Electrical data in Figures 4 through 7 show an electrical signal M-M that appears to
be "generated" at some depth in the borehole at the time of the source (10ms). This
signal has a Stoneley wave moveout. Below, we analyze the origin of this mysterious
signal.
The hydrophone data show that at the time when the signal was recorded, no wave
was propagating by the electrode array. Therefore, we conclude that this signal was not
recorded by the 4-electrode array.
Figure A-I shows the two electrical datasets collected with sources at the depths of
30m and 35m. We plotted these data next to each other, such that the traces measured
at the same depths in the borehole match. Comparison shows that the mysterious event
M-M appear to be "generated" at different depths in the two datasets. Therefore, we
conclude that this event does not correspond to any physical event taking place at some
depth in the borehole.
Figure A-2 shows the same electrical datasets plotted next to each other, such that
the traces recorded at the same offset from the source match. Comparison shows that
the mysterious Event M-M appears to originate at the 14m offset from the source in
both experiments. Based on this result we argue that this mysterious Event M-M was
recorded by some fault in the cable that connected the electrode array with the data
acquisition at the surface. This fault is 14m above the top electrode of the array. When
the top electrode of the array is 14m below the source, the fault in the cable is at the
source depth, thus event M-M is recorded at the source time (lOms). When the fault in
the cable is below or above the source, the Stoneley wave propagating fro111 the source
acted on the fault and somehow generated an electrical signal in the cable. Thus, event
M-M appears to have a Stoneley wave moveout.
Figure 8 presents the electrical data (35m source depth, 2.5kHz source frequency)
band-pass filtered in the interval from 300Hz to 1500Hz. In these data the mysterious
Event M-M is not visible. Figure 9 presents the same electrical data band-pass filtered in
the interval from 1500Hz to 4000Hz. In these data Event M-M is very clear. We suggest
that the presence of event M-M does not compromise the validity of the measurements at
frequencies below 1500Hz. However, it makes us question whether the signals recorded
at frequencies above 1500Hz were only partially due to the fluid flow generated in the
formation by the Stoneley wave.
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Appendix B. RELATIONSHIPS BETWEEN THE AMPLITUDE
OF THE ELECTRICAL POTENTIAL OSCILLATION
AND THE AMPLITUDES OF THE SIGNALS
MEASURED USING THE 4-ELECTRODE AND
THE 2-ELECTRODE ARRAYS
The electrical signals presented in Figure 4 are measured using the 4-electrode array
(Figure B-1). These signals are combinations of the electrical potential measured at 4
points in the borehole (Equation 1):
(B-1)
(B-2)
As we mentioned before, if the Stoneley wavelength is much larger than the distance
between the electrodes, then the signal A4el is proportional to the second derivative of
the electrical potential along the borehole axis.
To derive the relationship between t.4e amplitude of the Stoneley-wave-induced elec-
trical potential at some frequency w to the amplitude of the measured signal at this
frequency, A4el(w), we substitute a expression for the electrical potential induced by a
Stoneley wave (Equation 4, simplified assuming that the Stoneley wave length is greater
than the borehole radius Rb):
lJ?b (z, t) = lJ?o exp (-iwt + i ~ z)
into Equation B-l.
If we denote the distance between the electrodes as 1, then the ratio of the signal
A4el measured by the 4-electrode array to the electrical potential at the first electrode
4>a is:
A4e l . (w) . (w) (. w) (. w)cl?a (w) = -4sm c
s
I S111 2c
s
I exp 2 C
s
I exp 22cs I , .
.-~
(B-3)
and the amplitude ratio of the signal A4e1 to the potential lJ?a at the electrode a is:
I~:II (w) = 4!sin (~ l) sin (2:
s
l) I· (B-4)
Equation B-4 shows that when the Stoneley wave length is twice the distance between
the electrode I, the 4-electrode array records zero signal because the signal on the
electrode a cancels the signal on the electrode c, and the signal on the electrode b
cancels the signal on the electrode d. Similarly, when the Stoneley wave length is
equal to the distance between the electrodes, then the 4-electrode array measures a
zero signal because the signal on the electrode a cancels the signal on the electrode
b, and the signal on the electrode c cancels the signal on the electrode d. Figure B-2
presents the sensitivity function ':.::,1 (w) of the 4-electrode measurement with a O.5m
spacing between the electrodes. Zeros of the sensitivity function If.::,1(w) correspond
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to the frequencies at which the distance between the electrodes is a multiple of half of
a Stoneley wavelength.
The electrical data in Figure 10 was measured using a 2-electrode array (Figure
B-1). This measurement was a potential difference between two electrodes:
(B-5)
(B-6)
If the Stoneley wave length is much longer than the distance between the electrodes,
then this measurement, A2el, is proportional to the first derivative of the electrical
potential along, the borehole axis, Le., to the vertical component of the electrical field.
For the 2-electrode measurement technique, the ratio of the recorded signal to the
electrical potential at the electrode a can be obtained by substituting Equation B-2 into
Equation B-5. The resulting expression is:
~2el (w) = -2isin (~l) exp (i~l),
'J?a 2cs 2cs
and the amplitude ratio of the signal A2el to the potential <Pa at the electrode a is:
1~:;1 (w) = 21sin (2~s l) I· (B-7)
As in the case with the 4-electrode measurement, the 2-electrode measurement records
zero signal when the Stoneley wave length is equal to the distance between the electrodes,
because the signal on the electrode a cancels the signal on the electrode b. Figure B-3
shows the plot of the sensitivity function If;:I' (w) of the 2-electrode measurement with
a O.5m spacing between electrodes. Zeros of the sensitivity function If;:,' (w) correspond
to the frequencies at which the distance between the electrodes is a multiple of a Stoneley
wavelength.
Using Equations B-4 and B-7 we can calculate' the amplitude of the electrical po-
tential oscillation from the amplitudes of the signals measured in the field,
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y
borehole formation
Figure 1: Diagram of an electrical field induced by a borehole Stoneley wave. A Stoneley
wave propagating in a borehole creates a pressure gradient in a rock formation. This
pressure gradient drives the fluid flow from the zone of compression to the zone of
extension. If the fluid carries an excess positive electrical charge, then the flow
results in accumulation of a positive electrical charge in the zone of extension and
a negative electrical charge in the zone of compression. Thus, the Stoneley wave
creates a capacitor-like electrical charge separation that moves along the borehole
together with the wave. This charge separation induces an electrical field that also
moves along the borehole together with the Stoneley wave.
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Figure 2: Diagram of the electroseismic logging experiment. A downhole seismic source
generates a Stoneley wave propagating along the borehole. The Stoneley wave gen-
erates fluid flow within the formation, and this flow induces a streaming electri-
cal potential. The 4-electrode array placed in the borehole detects the Stoneley-
wave-induced electrical potential. The electrical signal measured by the array is:
A4e1 = (<Da - <Db) - (<Pc - <Dd). If the Stoneley·wavelength is much larger than the
distance between the electrodes, then this signal, A4el> is proportional to the second
derivative of the Stoneley-wave-induced electrical potential along the borehole axis.
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Figure 3: Results of different geophysical measurements in the depth interval from 30m
to 52m demonstrating that the granite formation is highly fractured. The borehole
caliper log shows enlargements of the borehole wall at depths where a drill bit
encountered fractures in the hard rock. The P-wave slowness log has kicks off scale
(above 380J-Ls/m) corresponding to fractured zones. The conductivity log shows
relatively high conductivity values for igneous rock, again corresponding to highly
fractured granite. The fracture location chart describes significant fractures detected
by the borehole video. The size of the fractures is plotted on a "coffee shop" scale,
i.e., small/medium/large.
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Figure 4: Pressure and electrical data collected in the field with the source at the depth
of 35m and a 2.5kHz sinusoid as a driving signal for the source. The source time
is lOms. The depth of the electrical trace is the depth of the top electrode in the
4-electrode array. All the traces are plotted with no AGe.' Each trace is individually
scaled by its maximum amplitude. In the pressure data, Event S-S is the direct
Stoneley wave. In the electrical data, Event S-S is the electrical signal induced by
the Stoneley wave, and Event M-M is the "mysterious" event caused by a fault in
the cable.
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Figure 5: Pressure and electrical data collected in the field with the source at the depth
of 35m and a 5.0kHz sinusoid as a driving signal for the source. The source time is
10ms. The depth of the electrical trace is the depth of the top electrode in the 4-
electrode array. All the traces are plotted with no·AGe. Each trace is individually
scaled by its maximum amplitude. In the pressure data, Event S-S is the direct
Stoneley wave. In the electrical data, Event S-S is the electrical signal induced by
the Stoneley wave, and Event M-M is the "mysterious" event caused by a fault in
the cable.
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Figur~ 6: Pressure and electrical data collected in the field with the source at the depth
of 30m and a 2.5kHz sinusoid as a driving signal for t~e source. The source time is
10ms. The depth of the "electrical trace is the depth of the top electrode in the 4-
electrode array. All the traces are plotted with no AGe. Each trace is individually
scaled by its maximum amplitude. In the pressure data, Event S-S is the direct
Stoneley wave. In the electrical, data Event S-S is the electrical signal induced by
the Stoneley wave, and Event M-M is the "mysterious" event caused by a fault in
the cable.
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Figure 7: Pressure and electrical data collected in the field with the source at the depth
of 30m and a 5.0kHz sinusoid as a driving signal for the source. The source time
is 10ms. The depth of the electrical trace is the depth of the top electrode in the
4-electrode array. All the traces are plotted with no AGe. Each trace is individually
scaled by its maximum amplitude. In the pressure data, Event S-S is the direct
Stoneley wave. In the electrical data, Event S-S is the electrical signal induced by
the Stoneley wave, and Event M-M is the "mysterious" event caused by a fault in
the cable.
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Figure 8: Pressure and electrical data collected in the field with the source at the depth
of 35m and a 2.5kHz sinusoid as a driving, signal for the source. These data are
band-pasE filtered in the frequency range from 300Hz to 1500Hz. In the electrical
data the signals before 15ms are muted prior to filtering in order to remove the
electromagnetic wave radiated by the piezoelectric source. 'All the traces are plotted
with no AGe. Each trace is individually scaled by its maximum amplitude. In the
pressure data, Event S-S is the direct Stoneley wave. In the electrical data, Event
S-S is the electrical signal induced by the Stoneley wave. Event M-M is not visible
in these data.
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Figure 9: Pressure and elect.rical data collected in the field with the source at the depth
of 35m and a 2.5kHz sinusoid as a driving signal for the source. These data are
band-pass filtered in the frequency range from 1500Hz to 4000Hz. In the electrical
data the signals before 15ms are muted prior to filtering in order to remove the
electromagnetic wave radiated by the piezoelectric source. All the traces are plotted
with no AGe. Each trace is individually scaled by its maximum amplitude. In the
pressure data, Event S-S is the direct Stoneley wave. In the electrical data, Event
S-S is the electrical signal induced by the Stoneley wave. Event M-M is clearly
visible in these elata.
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Figure 10: Pressure and electrical data collected in the previous experiments in the
same borehole, The Ston,eley wave was generated by striking the wellhead with a
sledgehammer. The source time is Oms. The electrical fields were recorded using a
2-electrode array. The depth of the electrical trace is the depth of the top electrode
in the 2-electrode array. All the traces are plotted with no AGe. Each trace is
individually scaled by its maximum amplitude. In the pressure data, Event S-S is
the direct Stoneley wave. In the electrical data, Event S-S is the electrical signal
induced by the Stoneley wave.
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Figure 11: Comparison of the normalized amplitudes of the Stoneley-wave-induced elec-
trical potential to the results of other geophysical measurements indicating fractures.
In the plot of the normalized amplitudes of this electrical potential, curves 1-6 cor-
respond to the frequency values 350Bz, 410Hz, 480Bz, 560Bz, 660Bz and 770Hz,
respectively. The P-wave log has kicks off scale (more than 380f.Ls/m) in the depth
intervals 45m-47m and 49m-53m. This high P-wave slowness indicates that granite
in these intervals has high fracture porosity. The electroseismic signals amplitudes
in these depth intervals are higher than in the depth interval 47m-49m, where the
P-wave slowness log indicates low fracture porosity. Further, the plot of fracture
locations derived from the borehole video shows a large fracture at the depth of
51m. At this depth the electroseismic signals have larger amplitudes than at other
depths. These correlations suggest that fractures can be identified using borehole
electroseismic measurements.
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Electroseismic coupling coefficient
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Figure 12: Electroseismic coupling coefficient Celsm as a function of frequency calculated
using Equation 6. In the calculation we used the properties of the formation and the
borehole fluid in our experiment (Table 2) and a permeability value of 1.6 .1Q-12m 2
or 1.6Darcy. The Biot critical frequency for such a formation is We = 27l' . 1000Hz.
Below the IOOOHz frequency the electroseismic coupling coefficient Celsm is constant,
1
and above 1000Hz it decreases as w-"2.
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Figure 13: Synthetic amplitude-versus-frequency curves for the Stoneley-wave-induced
electrical potential (Equation 4) calculated for different ratios of fluid conductivity to
rock conductivity, ?.L, and a fixed value of the zeta-potential ( = -60mV. In reality,
iTr
the zeta-potential depends on the fluid conductivity, (Jf. The numbers labeling the
curves are the ~ values for which they are calculated.
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Figure 14: Synthetic amplitude-versus-frequency curves for the Stoneley-wave-induced
electrical potential calculated using the properties of the formation anq borehole
fluid in our experiments (Table 2) and different permeability values. The different
curves are calculated for permeability values ranging from l.O-14 m2 (0.01 Darcy)
to 1O- lOm 2 (100 Darcy). The numbers labeling the curves are the values of per-
meability (in Darcy) for' which the curves are calculated. Equation 5 predicts that
for permeabilities less than 1O-13m2 (0.1 Darcy), the BiDt critical frequency, We,
is greater than the maximum frequency of the field experiments (4000Hz). Thus,
according to the theory, we cannot use borehole electroseismic measurements at fre-
quencies less than 4000Hz to deduce permeability values of less than 10-13m 2 (0.1
Darcy).
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Figure 15: Comparison of the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potentials measured in the depth interval from 46.5m to
47.5m with the predictions of the theoretical model. The synthetic curves are calcu-
lated for the formation and borehole fluid properties summarized in Table 2, porosity
of 0.8% and various permeability values. The theory predicts the correct values for
the normalized amplitudes of the electroseismic signals, however the normalized
amplitudes of the signals measured in the field have a more complex frequency de-
pendence than the one predicted by the theory. In the frequency'range from 200Hz
to 800Hz, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
tial have a steeper decrease with frequency than the w-4 decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800Hz.
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Figure 16: Comparison of the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potentials measured in the depth interval from 47.5m to
49.5m with the predictions of the theoretical model. The synthetic curves are calcu-
lated for the formation and borehole fluid properties summarized in Table 2, porosity
of 0.8% and various permeability values. The theory predicts the correct values for
the normalized amplitudes of the electroseismic signals, however the normalized
amplitudes of the signals measured in the field have a more complex frequency de-
pendence than the one predicted by the theory. In the frequency range from 200Hz
to 800Hz, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
1
tial have a steeper decrease with frequency than the w-2: decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800Hz.
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Figure 17: Comparison of the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potentials measured in the depth interval from 49.5m to
50.5m with the predictions of the theoretical model. The synthetic curves are calcu-
lated for the formation and borehole fluid properties summarized in Table 2, porosity
of 1.0% and various permeability values. The theory predicts the correct values for
the normalized amplitudes of the electroseismic signals, however the normalized
amplitudes of the signals measured in the field have a more complex frequency de-
pendence than the one predicted by the theory. In the frequency range from 200Hz
to 800Hz, the normalized amplitudes of the Stoneley-wave-induced electrical poten-
I
tial have a steeper decrease with frequency than the w-"2 decrease predicted by the
theory. Further, the normalized amplitudes increase with frequency above 800Hz.
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Figure 18: Comparison of the amplitude-versus-frequency dependence of the Stoneley-
wave-induced electrical potentials measured in the depth interval from 50.5m to
51.5m (around the large fracture) with the predictions of the theoretical model.
The synthetic curves a~e calculated for the formation and borehole fluid proper-
ties summarized in Table 2, porosity of 1.2% and various permeability values. The
normalized amplitudes of the signals measured in the field seem to follow roughly
the amplitude-versus-frequency trend predicted by the theory. This amplitude-
versus-frequency trend corresponds to the permeability values between 1.25·1Q-llm2
(12.5Darcy) and 1.25· 1O-lOm2 (125Darcy). These permeability values are enor-
mous, so we cannot claim that the data agrees with the theory.
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Figure A-I: Two electrical datasets (sources at the depths of 30m and 35m) plotted such
that the traces measured at the same depths in the borehole match. Comparison
shows that the mysterious event M-M appears to be "generated" at different depths
in the two datasets. Therefore, we conclude that this event does not correspond to
any physical event taking place at some depth in the borehole.
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Figure A-2: Two electrical datasets (sources at the depths of 30m and 35m) plotted
such that the traces recorded at the same offset from the source match. Comparison
shows that the mysterious Event M-M appears to originate at the 14m offset from the
source in both experiments. Therefore, we conclude that this signal was generated
by a fault in the cable that is 14m above the top electrode of the array.
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Figure B-1: Diagrams of the 2-electrode and 4-electrode measurements. If the Stone-
ley wave length is much larger than the distance between the electrodes, then the
signal recorded by the 2-electrode array is proportional to the first derivative of the
electrical potential in the borehole, and the signal recorded by the 4-electrode array
is proportional to the second derivative of the electrical potential in the borehole.
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Figure B-2: The sensitivity function '~;:ll (w) of the 4-electrode measurement with a
O.5m spacing between the electrodes. Zeros of the sensitivity function '~=11 (w)
correspond to the frequencies at which the distance between the electro~es is a
multiple of half of a Stoneley wavelength.
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Filter function of the 2-electrode measurement
Figure B-3: The sensitivity function '~:l' (w) of the 2-electrode me~urement with a
O.5m distance between electrodes. Zeros of the sensitivity function 1ft:! I (w) corre-
spond to the frequencies at which the distance between the electrodes is a multiple
of a Stoneley wavelength.
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